Materials can be transformed from one crystalline phase to another by using an electric field to control ion transfer, in a process that can be harnessed in applications such as batteries 1 , smart windows 2 and fuel cells 3 . Increasing the number of transferrable ion species and of accessible crystalline phases could in principle greatly enrich material functionality. However, studies have so far focused mainly on the evolution and control of single ionic species (for example, oxygen, hydrogen or lithium ions [4] [5] [6] [7] [8] [9] [10] Among all possible anions and cations, oxygen and hydrogen ions offer the most accessible and effective means of inducing phase transformations that elicit novel electronic and magnetic properties. Although such ion-mediated transformations can be achieved conventionally (through a process known as thermal annealing 12, [14] [15] [16] [17] [18] ), electric-field control has unique advantages, owing to its accessibility and the ease with which it can be tuned to produce extended functionalities [4] [5] [6] [7] [8] . In recent years, electric-field-controlled ionic liquid gating (ILG) has emerged as an attractive means of manipulating material properties, not only through well established electrostatic charge modulation [19] [20] [21] , but also by inducing phase transformation via ion transfer through its intrinsic electrochemical effects 22 . It has been reported that ILG can induce the evolution of either oxygen anions 4 or hydrogen cations 7,8 in some material systems (Fig. 1a, b) ; however, the selective control of a dual-ion phase switch (using both O 2− and H + ions) has yet to be explored. Here, we demonstrate a reversible, non-volatile, electric-field-controlled phase transformation among three distinct crystalline phases using a dual-ion switch (Fig. 1c) .
. Increasing the number of transferrable ion species and of accessible crystalline phases could in principle greatly enrich material functionality. However, studies have so far focused mainly on the evolution and control of single ionic species (for example, oxygen, hydrogen or lithium ions [4] [5] [6] [7] [8] [9] [10] ). Here we describe the reversible and non-volatile electric-field control of dual-ion (oxygen and hydrogen) phase transformations, with associated electrochromic 2 and magnetoelectric 11 effects. We show that controlling the insertion and extraction of oxygen and hydrogen ions independently of each other can direct reversible phase transformations among three different material phases: the perovskite SrCoO 3−δ (ref. 12), the brownmillerite SrCoO 2.5 (ref. 13) , and a hitherto-unexplored phase, HSrCoO 2.5 . By analysing the distinct optical absorption properties of these phases, we demonstrate selective manipulation of spectral transparency in the visible-light and infrared regions, revealing a dual-band electrochromic effect that could see application in smart windows 2, 9 . Moreover, the starkly different magnetic and electric properties of the three phases-HSrCoO 2.5 is a weakly ferromagnetic insulator, SrCoO 3−δ is a ferromagnetic metal 12 , and SrCoO 2.5 is an antiferromagnetic insulator 13 -enable an unusual form of magnetoelectric coupling, allowing electric-field control of three different magnetic ground states. These findings open up opportunities for the electric-field control of multistate phase transformations with rich functionalities.
Among all possible anions and cations, oxygen and hydrogen ions offer the most accessible and effective means of inducing phase transformations that elicit novel electronic and magnetic properties. Although such ion-mediated transformations can be achieved conventionally (through a process known as thermal annealing 12, [14] [15] [16] [17] [18] ), electric-field control has unique advantages, owing to its accessibility and the ease with which it can be tuned to produce extended functionalities [4] [5] [6] [7] [8] . In recent years, electric-field-controlled ionic liquid gating (ILG) has emerged as an attractive means of manipulating material properties, not only through well established electrostatic charge modulation [19] [20] [21] , but also by inducing phase transformation via ion transfer through its intrinsic electrochemical effects 22 . It has been reported that ILG can induce the evolution of either oxygen anions 4 or hydrogen cations 7, 8 in some material systems (Fig. 1a, b) ; however, the selective control of a dual-ion phase switch (using both O 2− and H + ions) has yet to be explored. Here, we demonstrate a reversible, non-volatile, electric-field-controlled phase transformation among three distinct crystalline phases using a dual-ion switch (Fig. 1c) .
We selected the brownmillerite SrCoO 2.5 as our model system, because its well ordered oxygen-vacancy channels and multivalent cobalt ions 13 provide favourable conditions for ionic diffusion 23 and valence change 5, 12 as part of a phase transformation. We carried out our experiments using high-quality, epitaxial SrCoO 2.5 thin films that were grown on the (001) surface of a (LaAlO 3 ) 0.3 -(SrAl 0.5 Ta 0.5 O 3 ) 0.7 (LSAT) substrate through pulsed laser deposition (Methods). We confirmed the excellent crystalline quality of the as-grown samples with high-resolution X-ray diffraction (XRD; green trace in Fig. 1d ), reciprocal space mapping (RSM) and rocking curve (Extended Data Fig. 1a , b) measurements.
To provide direct evidence of a structural transition between different phases, we first performed in situ XRD measurements during ILG (Methods). Figure 1e shows how the characteristic diffraction peaks evolve in response to a closed loop of positive and negative gating voltages. (These gating voltages were selected on the basis of a systematic analysis of the phase transformation with different gating voltages; see Extended Data Fig. 2a-i. ) With a positive gating of + 3.5 V, the (008) diffraction peak (at around 45.7°) of the brownmillerite phase diminishes gradually and eventually disappears, and a new diffraction peak starts to develop at about 44.0°, suggesting the emergence of a new phase (temporarily denoted 'phase A'). If the gating voltage is reversed to − 2.3 V, the system reverts back to the brownmillerite SrCoO 2.5 phase; further increasing the negative gating voltage to − 2.7 V transforms the system into the perovskite SrCoO 3−δ phase, with its characteristic (002) diffraction peak at about 47.7°. Interestingly, the transformation between the brownmillerite and perovskite phases is also rendered reversible by switching the gating voltage from − 2.7 V to + 1.8 V. Thus, with ILG, we achieve reversible and controllable transformations among two or three phases (Extended Data Fig. 2j, k) . We note that these transformations are non-volatile, as confirmed by ex situ XRD measurements after gating (Fig. 1d) ; this feature makes all of our subsequent ex situ studies possible, and provides a broader range of applications. A comparison of the detailed ex situ XRD results reveals that SrCoO 2.5 and phase A have similar superstructure diffraction patterns (Fig. 1d , green and blue traces, respectively), suggesting an alternating arrangement of the oxygen polyhedral layers 13 in these two phases that does not exist in the perovskite SrCoO 3−δ phase (Fig. 1d , red trace). RSM and rocking curve measurements (Extended Data Fig. 1c-f) show that the films remain of high crystalline quality throughout ILG. Moreover, we extended the effective and generic nature of this approach through controlled experiments on films of different thicknesses and strain states (Extended Data Fig. 3) .
To investigate the valence states of the cobalt cations in different phases, we carried out soft X-ray absorption spectroscopy (sXAS) at the cobalt L-edge and oxygen K-edge (Methods). The peak positions of the cobalt L-edge (Fig. 2a) LETTER RESEARCH the transformation of phase A to SrCoO 2.5 to SrCoO 3−δ , suggesting an increase in valence states along the phase sequence and confirming the excellent oxygen stoichiometry (δ < 0.1) of the latter two phases 24 . Furthermore, a straightforward comparison with the reference CoO spectrum confirms that the cobalt cations in phase A are dominated by the + 2 oxidation state 25 . The oxygen K-edge sXAS results (Fig. 2b) show a substantial reduction in the spectral feature associated with cobalt-oxygen hybridization when SrCoO 3−δ is transformed into SrCoO 2.5 , consistent with previous work 24 . However, the complete loss of this hybridization feature in phase A is in sharp contrast to the situation in conventionally reduced SrCoO x , indicating that this is a distinct structure. A complete loss of the hybridization feature was also observed in the Li x FePO 4 system upon lithiation 26 . Subsequent structural analysis of phase A with high-resolution scanning transmission electron microscopy ( Fig. 2c ) revealed alternating stacking of oxygen octahedral and tetrahedral layers, with periodic modulations of the vertical strontium-strontium atomic distance (Fig. 2d) , consistent with the XRD results. Specifically, in comparison with SrCoO 2.5 (see Methods and Extended Data Fig. 4a ), the strontiumstrontium atomic distance of phase A increases from about 4.3 Å to about 4.7 Å in the tetrahedral sublayers, but remains nearly unchanged in the octahedral sublayers. This suggests that the phase transformation between SrCoO 2.5 and phase A is associated mainly with the tetrahedral sublayers.
Two possible mechanisms for the reduction of cobalt ions from Co 3+ (in SrCoO 2.5 ) to Co 2+ (in phase A) are the extraction of oxygen ions from the material, or the insertion of hydrogen ions. If oxygen extraction were the dominant mechanism, then it would be reasonable to assume the chemical formula of phase A to be SrCoO 2 . Extended Data Fig. 5a -c illustrates three possible crystalline structures of the SrCoO 2 , which are based on first-principles calculations. However, all calculated structures show that the octahedral layers are substantially deformed, into either a tetragonal or a planar coordination 14 , which is inconsistent with our experimental results. Moreover, our energy-dispersive X-ray spectra measurements (Extended Data Fig. 4d ) suggest that oxygen loss is negligible during the phase transformation from SrCoO 2.5 to phase A. On the other hand, secondary-ion mass spectrometry (SIMS) measurements (Fig. 2e) show a pronounced hydrogen content in phase A, with the estimated hydrogen concentration for H y SrCoO 2.5 being about y = 1.14 ± 0.25 (see Methods). Thus, we can identify hydrogen insertion as the dominant mechanism behind the transformation, and tentatively assign the corresponding chemical formula of phase A to be HSrCoO 2.5 , assuming the + 1 state of hydrogen ions (H + ). To further understand the crystalline structure, we carried out first-principles calculations (Extended Data Fig. 5d-g ), which suggest that the lowestenergy crystalline structure contains H + ions bonded to the apical O 2− ions in tetrahedral layers (Fig. 1c , right panel, and Fig. 2c , inset). The optimized crystal structure of HSrCoO 2.5 shows a large structural modulation of both vertical and lateral strontium-strontium atomic distances ( Fig. 2d and Extended Data Fig. 4b , respectively), in good agreement with the experimental results. The presence of H + ions in the HSrCoO 2.5 phase can be further confirmed by the dramatic variation in the peak features of the oxygen K-edge sXAS spectra around 532-542 eV; these features in sXAS spectra are known to represent hydroxyl 27 . Thus, by combing our extensive experimental and theoretical investigations, we have revealed the exotic crystalline structure of the HSrCoO 2.5 phase, in which H + ion insertion leads to a large positive structural expansion (Extended Data Fig. 4c ). This contrasts strongly with previously discovered transition-metal oxyhydrides (for example, LaSrCoO 3 Gating voltage (V) 4 (Ω cm) versus ħω plots of absorption spectra for the three phases (where α is the optical absorption and ħω is the photon energy). The inset at the top shows a diagram of bandgap modulation through the three phases, where E F is the Fermi energy and the bands are shown in orange. To estimate the direct bandgaps of SrCoO 2.5 and HSrCoO 2.5 , we fitted the absorption data with (α × ħω) 2 = A(ħω− E g ), where E g is the size of the direct bandgap and A is an energy-independent prefactor. d, Temperature dependence of electrical resistivity (ρ) for the three phases. The inset shows an experimental demonstration of the tri-state resistive switch.
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(H − ) replace oxygen ions to produce negative structural expansion (see Methods). Furthermore, our HSrCoO 2.5 phase is stable in air at room/ambient temperatures (Extended Data Fig. 6 ).
We emphasize that although a unipolar phase transformation between SrCoO 2.5 and SrCoO 3−δ (involving only the O 2− ion) has already been achieved by thermal annealing 12 and electrochemical redox reactions 5, 10 , we have found a conceptually new way to achieve the deterministic and reversible electric-field control of a tri-state phase transformation, through a selective bipolar and dual-ion switch (summarized in Fig. 1c) .
With our knowledge of the crystalline structures and elemental compositions for all three phases, we identify the electrolysis of water (H 2 O) to be the most likely origin for the O 2− and H + ions (see Methods and Extended Data Fig. 7a, b) . Furthermore, by doping ionic liquids with heavy water (D 2 O) before ILG, we could trace a clear deuterium signal distributed uniformly inside the H(D)SrCoO 2.5 -confirming the water content of ionic liquid to be the origin of the ions for the phase transformation (Methods and Extended Data Fig. 7c, d) . Indeed, even the hydrophobic ionic liquids have enough residual water to achieve the phase transformation, and the ILG-induced transformations occurred with all of our tested ionic liquids (Methods and Extended Data Fig. 8 ).
Owing to the changes that occur in valence states and crystal structures during the phase transformation, we observe a fascinating electrochromic effect, with electrically switchable optical-spectral transparency. Obvious colour changes among the three phases are shown in Fig. 3a . Both ex situ full-range (Fig. 3b) and in situ transient (Extended Data Fig. 9 ) optical transmittance measurements show that HSrCoO 2.5 transmits greatly in both visible-light and infrared regions, while SrCoO 2.5 transmits mainly in the infrared region and SrCoO 3−δ is opaque in both regions. Thus, with this electric-field-controlled phase transformation comes an interesting tri-state electrochromic effect, with tunable transmittance covering the entire infrared and visible-light (dual-band) regions. This could see application in smart windows 2, 9 , as proposed in the inset of Fig. 3b (see Methods for further discussion).
We attribute this intriguing capability to the different band structures of the three phases. Through fitting of the optical absorption spectra (Fig. 3c) , we can see that the direct bandgaps of the SrCoO 2.5 and HSrCoO 2.5 phases are 2.12 eV and 2.84 eV, respectively, and accordingly this distinct bandgap difference leads to the large modulation of the optical transmittance in the visible-light region. We attribute the larger direct bandgap of the HSrCoO 2.5 phase to the suppressed hybridization of the p and d electron orbitals, as revealed by the oxygen K-edge sXAS study (Fig. 2b) and supported by first-principles calculations (Extended Data Fig. 10 ). Electrical transport measurements provide further evidence of the associated modulation of electronic structure (Fig. 3d) . The change in resistivity amongst the three phases (by six orders of magnitude), along with their temperature dependences, confirms that SrCoO 3−δ is a good metal while SrCoO 2.5 and HSrCoO 2.5 are both insulators. This room-temperature, tri-state, reversible resistive switch (Fig. 3d, inset ) could see practical application in multistate resistive random access memory (RRAM) devices.
Interestingly, the electric-field-controlled phase transformation is also accompanied by a change in magnetic ground states. Macroscopic magnetic measurements (Fig. 4a, b) show a ferromagnetic state in the SrCoO 3−δ phase, with a saturated magnetization of about 2.2μ B per cobalt ion (where μ B is the Bohr magneton) and a ferromagnetic transition temperature (T c , below which a material becomes ferromagnetic) of about 225-250 K. Our measurements also show a minimal magnetic response from the antiferromagnetic SrCoO 2.5 phase (for which the magnetic ordering temperature T N , below which a material becomes antiferromagnetic, is about 537 K; ref. 13 ). Both of these findings are consistent with previous experimental results
12
. Surprisingly, the newly discovered HSrCoO 2.5 phase shows an intriguing weakly ferromagnetic state with a well defined 
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magnetic hysteresis loop and a saturated moment of about 0.6μ B per cobalt ion (with a magnetic transition temperature of about 125 K). We further investigated the magnetic ground states of these three phases by soft X-ray magnetic circular dichroism (sXMCD; Fig. 4c ), which provides direct and element-specific information on magnetism 29 . The clear XMCD signals of both SrCoO 3−δ and HSrCoO 2.5 , as compared with the non-detectable XMCD signal in SrCoO 2.5 , provides solid evidence for changes in magnetic ground states during the phase transformation.
The magnetic phase diagram of these three phases is very rich and thus shows that several types of magnetic transition can be realized in different phases and in different temperature regions (Fig. 4d) . Thus, if we control the phase transformation with an electric field, the corresponding magnetic and electronic states will be controlled simultaneously, and hence intriguing tri-state magnetoelectric couplings 11 can be obtained (see Methods). Notably, at room temperature, SrCoO 2.5 is antiferromagnetic while the other two phases are paramagnetic. Hence, the transformation between SrCoO 2.5 and the other phases is accompanied by a magnetic transition between antiferromagnetic and paramagnetic states-equivalent to turning the antiferromagnetic state on or off. Thus, we have identified a new and practical way to achieve the electric-field control of antiferromagnetism at room temperature 30 , with promising applications in magnetoelectric and spintronic devices.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.

METHODS
Growth of SrCoO 2.5 thin films. Thin films were grown through a customized reflection high-energy electron diffraction (RHEED)-assisted pulsed laser deposition system (TSST), at a growth temperature of 750 °C and an oxygen pressure of 100 mtorr. The energy density of the krypton fluoride excimer laser (λ = 248 nm) was fixed at 1.2 J cm −2 at the target, with a repetition rate of 2 Hz. After growth, the samples were cooled to room temperature at a cooling rate of 7 °C per minute in 100 mtorr oxygen. The thickness of each sample was controlled by the growth time, and confirmed with X-ray reflectometry measurements. The crystalline structure of the films (see Fig. 1d and Extended Data Fig. 1a, b) was characterized by using a high-resolution four-circle X-ray diffractometer (Smartlab, Rigaku), which confirmed that the obtained thin films were coherently strained on the substrate with high crystalline quality. ILG-induced phase transformations. Before the ILG, the edges of the thin films were deposited with a gold electrode by direct-current ion sputtering, or were painted with a silver conductive adhesive; these formed the bottom electrode. Subsequently, conductive gold or platinum wires were fixed on the conductive electrode by pressing indium or by painting silver conductive adhesive, and a screwed platinum wire was used as the gate electrode. During the in situ XRD measurements, the sample was first aligned with the substrate (002) peak without the ionic liquid; then, a small drop of ionic liquid was added to cover both the film surface and the screwed platinum wire. The voltage between the bottom electrode and the gate electrode was set to 0 V at the start, and ramped to the desired value over about one minute. The gating voltage was then maintained until the phase transformations were complete, while XRD spectra were collected continuously, with a scanning rate of 3° per minute.
In order to obtain direct insights into the switching kinetics, and to provide information about suitable values for the gating voltage, we performed a systematic analysis of the phase transformations that take place with different gating voltages (Extended Data Fig. 2a-h) . The results show clear voltage dependence, with the phase transformation occurring more quickly with larger gating voltages. Detailed analysis shows that the phase transformations can be readily classified into two types, which correspond to ionic insertion (from SrCoO 2.5 to phase A (HSrCoO 2.5 ), and from SrCoO 2.5 to SrCoO 3−δ ) and ionic extraction (from phase A (HSrCoO 2.5 ) to SrCoO 2.5 , and from SrCoO 3−δ to SrCoO 2.5 ). On the one hand, the phase transformations that involve ionic insertion show a significant voltage dependence. With gating voltages of around 3 V, it takes several tens of minutes to complete the transformations. With voltages below threshold (that is, around 1.0 V to 1.5 V for transformation from SrCoO 2.5 to HSrCoO 2.5 , and − 1.8 V to − 1.5 V for transformation from SrCoO 2.5 to SrCoO 3−δ ), the initial SrCoO 2.5 phase remains unchanged even after 48 hours of gating. On the other hand, the phase transformations through ionic extraction can be triggered with voltages as small as 1 V, and the gating durations show very weak voltage dependence.
On the basis of these results, we have carefully selected suitable gating voltages in order to separate the phase transformations from phase A to SrCoO 2.5 and from SrCoO 2.5 to SrCoO 3−δ (or from SrCoO 3−δ to SrCoO 2.5 and from SrCoO 2.5 to phase A) with negative (or positive) gating voltages. Furthermore, to avoid unnecessary material breakdown induced by the electrochemical reaction (Extended Data  Fig. 2i) , we limited the gating voltages to between − 3.3 V and + 4 V. With this information, we were able to program the transformations among the three phases ( Fig. 1e and Extended Data Fig. 2j, k) , clearly showing that the transformations are reversible.
The ex situ ILG experiments were carried out with the same device as the in situ XRD studies. After achieving the desired phases, the films were rinsed several times with acetone and isopropanol to remove the ionic liquid residue. RSM and rocking curve measurements (Extended Data Fig. 1c-f ) of the ex situ gated samples show that both phases remain strained into the LSAT(001) substrate, and confirm that ILG has little influence on the crystalline quality of the thin films during phase transformation.
Finally, we note that our gating experiments were carried out in air, but reproducible results were also obtained in an air-free (inert argon) gaseous environment. Therefore, the phase transformations observed are not related to the presence of oxygen and water in the gaseous environment. Exclusion of reactions between ionic liquid and samples. We note that ILG can also induce electrochemical reactions between the ionic liquid and the material. For instance, with prolonged gating (more than 4 hours at − 2 V), Zhou et al. 31 found that their VO 2 films were seriously damaged by the ionic liquid; however, the same material remained stable during ILG of shorter duration 4, 32 . By contrast, with a gating voltage of + 2 V or − 2 V, our SrCoO 2.5 sample was transformed successfully into HSrCoO 2.5 or SrCoO 3−δ , respectively, and remained of high crystalline quality even after more than 5 hours of gating. To further rule out the possibility of a direct electrochemical reaction between the ionic liquid and the material during gating, we characterized the three phases by X-ray photoelectron spectroscopy (XPS) (PHI Quantera SXM, ULVAC-PHI), using a photon energy of 1486.6 eV (Al K α ), an X-ray spot size of 100 μ m and a scanning step of 0.1 eV. Before the measurement, the samples were rinsed several times with acetone and isopropanol, and then underwent a surface treatment by argon ions, in order to carefully remove the ionic liquid residual. The XPS spectra in all three phases (Extended Data Fig. 2i ) show strong and clear strontium, oxygen and cobalt peaks, but no detectable signal from elements fluorine, nitrogen and sulfur. Therefore we confirm that the phase transformations observed here are not due to a direct chemical reaction 31 between the ionic liquid and the film. sXAS and sXMCD measurements. We carried out sXAS measurements of cobalt L-edges and oxygen K-edges in total electron yield (TEY) mode at: beamline 8.0.1 of Advanced Light Source; beamline 4B9B of Beijing Synchrotron Radiation Facility; beamline 08U1A of Shanghai Synchrotron Radiation Facility; and beamline 14 of Hiroshima Synchrotron Radiation Center. The measurements were done under high vacuum (around 10 −8 torr). The sXAS spectra have been normalized to the photon flux measured by the photocurrent of a clean gold mesh. We carried out sXMCD studies at beamline 6.3.1 of Advanced Light Source, with incident angles of 30° from the surface, a magnetic field of 1.5 T applied along the beam incident direction, and the use of 65% circular polarized X-rays to gain high beam intensity. The sXAS spectra were taken at room temperature, while the sXMCD spectra were taken at 20 K-a temperature at which the enhanced magnetization allows us to get clear XMCD spectra.
Because cobalt L-edge sXAS measurements correspond directly to cobalt 3d valence states, the strong variation in line shape among the three phases provides unambiguous experimental evidence for the change in valence state of cobalt ions during the phase transformations 24, 25, 33 (Fig. 2a) . Meanwhile, the oxygen K-edge sXAS results (Fig. 2b) indicate two dramatic differences between phase A and the other two phases, namely the total suppression of cobalt-oxygen hybridization features, and the appearance of spectral features that indicate hydroxyl bonds. Interestingly, a similar complete suppression of transition-metal-oxygen hybridization features was observed in the Li x FePO 4 system upon lithiation 26 ; furthermore, the suppression of the hybridization effect in Li x FePO 4 leads to the opening of a large bandgap-again consistent with our results. In addition, similar hydroxylbond features have been identified on the hydroxylated surface of the transitionmetal oxide Mn 5 O 8 (ref. 27) . Although these observations are from different systems, the fundamental concepts determining the electronic structure are the same here: the energy range of hydroxyl-bond features 34, 35 and the definition of the hybridization feature in oxygen K-edge sXAS measurements 36 are both robust and well established. Furthermore, the dramatic loss of the cobalt-oxygen hybridization feature in phase A is consistent with first-principles calculations (Extended Data Fig. 10c) . Therefore, our combined structural, spectroscopic and theoretical analyses provide a self-consistent scenario with which to understand the striking electrochromic effect of phase transformation (Fig. 3) : the insertion of H + ions through ILG leads to a drastic modulation of the SrCoO 2.5 crystalline structure and valence state, which drives the system into a highly ionic (that is, less covalent) state with suppressed cobalt-oxygen hybridization. This process naturally widens the bandgap of the system and results in the intriguing variation in optical transparency. High-resolution STEM. We further investigated the crystalline structures of the three phases with a high-resolution scanning transmission electron microscope (ARM-200CF, from JEOL), operated at 200 kV and equipped with double spherical aberration (Cs) correctors (see results in Fig. 2c and Extended Data Fig. 4a ). As expected, the brownmillerite SrCoO 2.5 shows alternating stacking of octahedra and tetrahedra layers, with oxygen vacancies present in the tetrahedra layers. Interestingly, a similar crystalline structure is also observed in phase A. However, the perovskite SrCoO 3 is built with purely octahedra layers. We note that, owing to the presence of the ordered oxygen vacancies inside SrCoO 2.5 , the out-of-plane and in-plane strontium-strontium interatomic distances are modulated (distorted) alternatively (Fig. 2d and Extended Data Fig. 4b) . Interestingly, the modulation is largely enhanced in phase A compared with the other phases, indicating its associated larger lattice distortion. Furthermore, the phase transformation from SrCoO 3−δ to SrCoO 2.5 is accompanied by enhancement of the out-of-plane lattice constant (Fig. 1d) and expansion of the pseudo-cubic unit cell (Extended Data  Fig. 4c ) owing to the oxygen reduction 37, 38 . A comparable lattice expansion is also observed with the transformation from SrCoO 2.5 to phase A. First-principles calculations. Density function theory (DFT) calculations were performed using the Vienna ab initio simulation package (VASP 5.2.12). Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized gradient approximation (GGA) was used to account for electron exchange and correlation. Pseudo-potentials generated by the projected augmented wave (PAW) method were used. Typical computational parameters for our calculations are a 500 eV LETTER RESEARCH plane-wave energy cut-off, a 10 × 10 × 6 Monkhorst-Pack k-point sampling mesh set with respect to the perovskite unit cell (containing 36 atoms here), and a 0.01 eV Å −1 force tolerance on each atom for structural relaxation calculations. We have included the strong correlation effects of cobalt d electrons by means of the LDA+U scheme, with on-site Coulomb interactions of U = 4.5 eV and on-site exchange interactions of J = 0.5 eV. All calculations involving magnetism incorporate a G-type antiferromagnetic state and correct the exchange correlation function with the Vosko-Wilk-Nusair interpolation, while all magnetic moments were allowed to relax.
To simulate H y SrCoO 2.5 (where y = 0.125, 0.25, 0.5 or 1.0), we started with one, two, four or eight hydrogen atoms randomly absorbed around an oxygen atom in the tetrahedral layers of a supercell consisting of eight chemical-formula units of SrCoO 2.5 , and then relaxed the structures to minimize the total energy. The results show that by increasing the amount of H + ions, the lattice constants and the volume size gradually expand, while the total energy is decreased. Elemental composition of the three phases. We note that oxygen stoichiometry can also be modified during ILG experiments 4 . To provide a quantitative estimation of this, we carried out energy-dispersive X-ray spectra (EDS) measurements of all three phases (Extended Data Fig. 4d ) using a scanning electron microscope (6301F, from JEOL). We selected an electron-acceleration voltage of 4.5 kV to minimize the substrate contribution. The oxygen content can be roughly estimated on the basis of the peak area ratio between the oxygen K α and cobalt L α peaks. The results produce a good match with the oxygen stoichiometry of nominal SrCoO 2.5 and SrCoO 3−δ phases, being 2.62 and 2.95, respectively. For the newly formed phase A, we estimate the oxygen content to be about 2.60, suggesting that oxygen loss is negligible during the phase transformation from SrCoO 2.5 to phase A.
To obtain direct information about the hydrogen concentration of phase A, we carried out secondary-ion mass spectrometry (SIMS) measurements (using an instrument from IONTOF GmbH) (see Fig. 2e ), whose mass resolution is about 4,000 atomic mass units (full-width at half-maximum). During the measurement, the caesium-ion beam (2 KeV) was rastered over a region of about 250 × 250 μ m 2 ; data were collected only in an area of 50 × 50 μ m 2 within that region, in order to avoid disturbance from the crater edge. The concentration of H + ions was calibrated by profiling proton-implanted silica with known H + dosages. We thereby estimate the hydrogen content in phase A to be 1.85 × 10 22 atoms per cm 3 , verifying that a large amount of hydrogen has been inserted into the lattice during the phase transformation (Fig. 2e) . Using the volume size (61.53 Å 3 ) of the pseudo-cubic unit cell (see XRD data in Extended Data Fig. 4c ), we can further estimate the hydrogen concentration for H y SrCoO 2.5 to be y ≈ 1.14 ± 0.25. The uncertainty is calculated from the distribution of the SIMS signals; the deviation from the actual value could be larger owing to the different matrix elements between the sample and the reference.
Thus, with the combination of EDS and SIMS results, we obtained quantitatively the elemental concentrations for all three phases. However, owing to the uncertainties, we will index these phases using their nominal compositions as HSrCoO 2.5 (phase A), SrCoO 2.5 and SrCoO 3−δ . Origin of ions during phase transformation. With our knowledge of the crystalline structures and elemental compositions of the three phases, we turned to the origin of the O 2− and H + ions involved in the phase transformation. One immediate and promising scenario relates to the water content inside the ionic liquid, in which both O 2− and H + ions are produced through electrolysis (Extended Data  Fig. 7a ). To support this idea, we monitored the gating current as a function of the gating voltage (Extended Data Fig. 7b ), which shows peak features at around 1.3 V-consistent with the standard potential of 1.23 V required for the electrolysis of water 39 . This scenario could also explain our finding that phase transformations driven by ionic insertion cannot be triggered with voltages below the electrolysis voltage (1.23 V), owing to the lack of necessary ions. By contrast, the phase transformations that require ionic extraction naturally do not depend on electrolysis, and thus can be controlled with smaller voltages (for example, + 0.7 V and − 1.0 V). The small difference between the threshold voltages and the electrolysis voltage can be attributed to the overpotential required to overcome the activation energy for the ionic and charge evolutions.
Most of our experiments were performed with the commercial, as-received ionic liquid DEME-TFSI. To show that the technique is universal, we extended our studies to three additional ionic liquids (EMIM-TFSI, HMIM-TFSI and EMIM-BF 4 ); all of them successfully induced the desired phase transformations (Extended Data Fig. 8a-c) . However, when using an aqueous electrolyte-1 mol per litre NaOHthe phase transformation from SrCoO 2.5 to SrCoO 3−δ can be completed within 5 minutes, whereas the phase transformation from SrCoO 2.5 to HSrCoO 2.5 does not occur even after a prolonged gating duration (about 12 hours) at the gating voltage of + 3.3 V (Extended Data Fig. 8d) . These results suggest that the strong electric double layer (with a large electrostatic capacitance of typically 10 μ F cm −2 ) formed with the ionic liquid is essential for the phase transformation from SrCoO 2.5 to HSrCoO 2.5 , and that the ILG-induced phase transformation identifies a universal approach.
To clarify the electrolysis scenario, one needs first to prove the existence of water content inside the ionic liquid. Accordingly, we measured the residual water concentration for all of our ionic liquids by using the Karl Fischer titration method (using an 831 KF Coulometer; Metrohm); the results are summarized in Extended Data Fig. 8e . It turns out that all of the hydrophobic ionic liquids that we used (DEME-TFSI, EMIM-TFSI and HMIM-TFSI) have considerable amounts of residual water (about 100 p.p.m. by mass) even after annealing at 120 °C in 10 −3 torr air pressure for 60 hours-consistent with previous results 4 . Furthermore, in the hydrophilic ionic liquid EMIM-BF 4 , the water concentration could be surprisingly large, being more than 10,000 p.p.m. by mass even after annealing in a vacuum.
To provide further evidence about the origin of the H + ions in HSrCoO 2.5 , we labelled the water content of the ionic liquids with deuterium (D), by dipping a tiny droplet of heavy water (deuterium oxide, D 2 O) into the ionic liquids DEME-TFSI and EMIM-BF 4 . Before gating, the ionic liquids underwent ultrasonic agitation and were then baked in air at a temperature of around 100 °C. Because ; depth profile measurements reveals these ions to be uniformly distributed inside the H(D)SrCoO 2.5 sample (Extended Data Fig. 7d ). The concentration of D + ions obtained in the sample gated with the developed EMIM-BF 4 is clearly larger than that obtained with the developed DEME-TFSI, probably because it must be easier to dope the hydrophilic liquid (EMIM-BF 4 ) than the hydrophobic liquid (DEME-TFSI) with heavy water.
With this evidence, we can confirm the water electrolysis effect to be the source of the H + ions (and similarly the O 2− ions) during the phase transformations. A simple estimate shows that 0.1 ml ionic liquid (with a water content of 100 p.p.m. by mass) has about 3 × 10 17 H 2 O molecules-enough for phase transformation in a 5 mm × 5 mm × 50 nm SrCoO 2.5 thin film (with about 2 × 10 16 pseudo-cubic unit cells).
We note that the hydrogen content forms H + ions in our system; by contrast, hydride (H − ) anions are formed in transition-metal oxyhydrides 16, 17, 28, [41] [42] [43] . We speculate that this difference can be attributed to the different ion sources used. In the reducing agents (such as CaH 2 ) used to form the transition-metal oxyhydrides through thermal annealing, the hydrogen ion has the valence state of − 1 (and hence is the H − anion) owing to the strong electropositivity of the calcium ions. Thus, when calcium hydride reacts with the transition-metal oxide, the hydrogen ion tends to hold the valence state of − 1 and forms the oxyhydride during the transformation. However, the hydrogen ion produced through the electrolysis of water holds the + 1 valence state as H + . Thus, with positive voltage gating, the positively charged H + (proton) will accumulate at the top surface of the sample and eventually insert into the crystalline lattice to form HSrCoO 2.5 . Finally, we note that previous attempts to create reduced phases of SrCoO x with a reducing agent have led either to amorphization 44 or to a perovskite oxyhydride of SrCoO 1.4 H 1.2 (ref. 28) , outcomes that are totally different to what we have discovered here. Optical transmittance measurements. We used 50-nm-thin films grown on double-sided polished LSAT(001) substrate for the optical measurements. For reference, we used a bare LSAT(001) substrate that had been processed through the same thermal cycles as the growth samples. Ex situ optical transmittance spectra were taken in air at room temperature with spectrophotometers (Cary 5000 UV-Vis-NIR, Agilent and Excalibur 3100, Varian), covering the visible and infrared range with wavelengths between 380 nm and 8,000 nm (Fig. 3b) . To access the transient properties of the electrochromic effect, we have also performed in situ optical transmittance measurements during phase transformation (Extended Data  Fig. 9 ). To avoid strong optical absorption through the ionic liquid in the infrared region 45 , we set the wavelength range between 380 nm and 2,200 nm for the in situ measurements. From the evolution of the transmittance spectra, we can see that, with a gating voltage of + 3.5 V, the transmittance increases dramatically at wavelengths less than 600 nm, whereas the changes in the longer-wavelength region are rather small. On the other hand, with a gating voltage of − 2.7 V, the transmittance remains almost unchanged at wavelengths below 600 nm, but decreases substantially in the longer-wavelength region.
Thus these results provide a direct demonstration of the tunable, dual-band nature of the electrochromic effect of our electric-field-controlled, H + /O 2− dualion switch, which holds promise for application in smart windows 2 . Traditionally, the modulation of optical transparency is achieved mainly through the
